1. Introduction {#sec0005}
===============

The mechanical functions of dynamic connective tissues are mediated primarily by highly structured extracellular matrices (ECM) in which fibrillar collagens confer tensile strength ([@bib0040]) and elastic fibres confer compliance and passive recoil ([@bib0430; @bib0435]). However, progressive loss of both compliance and recoil, appears to be a universal pathology in ageing mammalian tissues such as skin ([@bib0270]), lungs ([@bib0160; @bib0200]) and arteries ([@bib0055; @bib0065]). Whilst reduced skin elasticity is associated with the visible progression of ageing in the form of wrinkles ([@bib0270]), and loss of pulmonary compliance may increase the risk of mortality in an elderly population ([@bib0160; @bib0235]), the major clinical impact of age-related tissue stiffening arises as a consequence of functional changes within arteries ([@bib0210; @bib0410]). The profound nature of these clinical effects led Robert and colleagues to propose that age-related loss of elasticity within the cardio-respiratory system may be responsible for the apparent 100--120 year upper-limit on human lifespan ([@bib0320]).

Specifically, arteriosclerosis (diffuse large artery stiffening which is pathologically distinct from localised atherosclerosis ([@bib0300; @bib0410]), appears to be a key factor in the maintenance of essential hypertension ([@bib0030]) and hence in the development of adverse cardiovascular events including stroke and heart failure ([@bib0080; @bib0295]). Regrettably, whilst there is ample evidence from *in vivo* ([@bib0285; @bib0295; @bib0330]) and *in vitro* ([@bib0185; @bib0280]) studies of a significant relationship between increasing age and the progression of arteriosclerosis, the primary cause of arterial stiffening remains contentious ([@bib0410]). This lack of consensus is due, in part, to the structural and compositional complexity of the tissue, which limits the ability of conventional mechanical testing methods to discriminate between the functional contributions of discrete components, and also, to the complexity of the remodelling events which accompany ageing. Specifically, large arteries such as the aorta rely on the maintenance of a complex, hierarchical architecture to perform their mechanical functions ([@bib0185]). However, with age the aorta undergoes significant remodelling at multiple length scales. Macroscopically, vessel dilatation and hypertrophy ([@bib0060; @bib0205; @bib0285]) appear to differentially affect the intimal and medial layers ([@bib0060; @bib0205; @bib0255; @bib0400]). At micrometre length scales age-related structural changes include fenestration and/or fragmentation of medial elastic lamellae ([@bib0055; @bib0135]) and vascular smooth muscle cell (VSMC) migration, proliferation and cytoskeletal remodelling ([@bib0135; @bib0305]). Finally molecular remodelling events in the ageing aorta include: (i) aberrant glycation of collagen and elastin ([@bib0035; @bib0180; @bib0365; @bib0375]), (ii) elastic fibre calcification ([@bib0045; @bib0320]), (iii) proteolytic degradation and fatigue fracture ([@bib0285; @bib0315; @bib0320]) of extracellular assemblies and (iv) gender and species dependent changes in the amount (fibrillar collagen and elastin) and subtype (type I and III collagen) of specific ECM components ([@bib0055; @bib0065; @bib0155; @bib0230; @bib0305]).

To date, as a consequence of both this multiplicity of potential pathological mechanisms and the technical challenge of mapping mechanical properties with a high spatial resolution, it has been necessary to infer a causal relationship between global mechanical stiffening and local structural remodelling events. However, the major aortic components are predominantly localised to multiple micrometre-scale medial lamellar units (MLU) ([@bib0280]) each of which is composed of an elastin-rich lamellae and a fibrillar collagen and VSMC-rich interlamellar region. We have therefore employed ultra-high frequency scanning acoustic microscopy (SAM), a technique that is well established in other disciplines ([@bib0050]), to map micro-metre scale stiffness within aortic tissue excised from an established model of ageing in the sheep ([@bib0075]). This technique, which quantifies tissue stiffness as a function of its longitudinal acoustic wave speed, can achieve a spatial resolution of ∼1 μm at a frequency of 1 GHz, thereby resolving individual tissue components ([@bib0020]) such as cells (∼10 μm) and elastic fibres (2--3 μm) ([@bib0025; @bib0350]). In this study, we have combined macro- and micro-mechanical methodologies with histological assessments of tissue structure and composition to test the hypotheses that in the ageing aorta gross mechanical stiffening (arteriosclerosis) is a consequence of localised stiffening within discrete tissue compartments.

2. Materials and methods {#sec0010}
========================

2.1. Reagents and tissue samples {#sec0015}
--------------------------------

All reagents were obtained from Sigma--Aldrich Co. Ltd. (Poole, UK) or BDH Ltd. (Poole, UK) unless otherwise specified. All procedures were approved by the UK Home Office and accorded with the UK Animals (Scientific Procedures) Act 1986 (which complies with the guidelines set out in NIH Publication No. 85-23 \[revised 1996\]). Young (\<1.5 years) and old (\>8 years) female sheep (*Ovis aries*) were killed by intravenous injection of pentobarbitone (200 mg kg^−1^) ([@bib0075]). Ascending aortas were immediately dissected, cut into rings of 5 mm depth and either: (i) used immediately for gross mechanical testing, (ii) snap frozen in liquid nitrogen prior to gross mechanical testing, (iii) frozen in optimal cutting temperature (OCT) compound (Sakura Finetek Europe B.V., The Netherlands) ([@bib0015; @bib0020]) or (iv) fixed in 4% paraformaldehyde for 24 h prior to processing to paraffin wax for subsequent histological analysis of collagen and elastin content ([@bib0130]).

2.2. Effective gross mechanical stiffness {#sec0020}
-----------------------------------------

An indication of blood vessel effective stiffness \[which is determined by both tissue thickness and material properties ([@bib0135])\] can be derived by measuring the maximum applied loads resulting from incremental extension of a tissue. Therefore, in order to quantify age-related changes in aortic wall thickness and stiffness, frozen aortic rings (*n* = 5 young and 6 old) were thawed, photographed with a gel documentation system (Syngene, UK) and mounted between a fixed steel hook and a force transducer in an organ bath. Gross wall thickness was measured from the captured micrographs using ImageJ ([@bib0010]). The potential effects of the freeze/thaw process on the compliance of aortic rings were characterised in additional experiments. The tissue was equilibrated in physiological saline (in mmol L^−1^: NaCl, 134; KCl, 5; MgSO~4~, 1; NaHCO~3~, 17; KH~2~PO~4~, 1; K~2~EDTA, 0.025; glucose, 5.6; CaCl~2~, 1.6 \[pH 7.4\] with 95% air and 5% CO~2~ at 37 °C for 30 min prior to extension at a rate of 1 mm every 20 min. The maximal force following each displacement step was recorded ([Fig. 1](#fig0005){ref-type="fig"}A). The distensibility (and hence strain as derived from volume change) of large arteries is, dependent on age, species and experimental design ([@bib0095]). In this study we subjected the aortas to maximal strains of ∼0.8 encompassing both low and physiologic regions of the stress--strain curve ([@bib0370]).

2.3. Quantitative scanning acoustic microscopy {#sec0025}
----------------------------------------------

Age-related variations in acoustic wave speed and hence in the micro-mechanical stiffness of young and aged sheep aorta were mapped in unfixed and unstained tissue cryo-sections using SAM ([@bib0020]). This instrument employs a pulse of ultra high frequency acoustic waves (100 MHz--1 GHz) which are focused to a diffraction limited spot with a concave spherical lens immersed in a coupling fluid (usually distilled water) ([@bib0440]) By scanning in both the *x* and *y* directions a two dimensional acoustic image can be built up in the field of interest.

SAM images were analysed using a frequency scanning method which exploits the interference that is generated from signals reflected at fluid/sample and sample/substrate interfaces ([@bib0170; @bib0175]). By varying the frequency (and hence wavelength) of the acoustic radiation, a periodic function, *V*(*f*) (voltage vs. defocus), is recorded which can be used to determine the acoustic wave speed if the sample thickness is known. In principal the technique is sensitive to small changes in elastic properties. However, the accurate determination of these properties within tissues is complicated because *V*(*f*) is a non-linear function of specimen thickness, acoustic attenuation and the relative reflection and transmission intensities at each interface. This problem can be addressed by comparing the measured *V*(*f*) signal with a computed *V*(*f*) and adjusting the variables of specimen thickness, attenuation and impedance, to optimise the fit between theoretical and experimental curves ([@bib0195]). The longitudinal acoustic wave speed (*ν*~L~), which we measure with the V(f) method, is related to Young\'s modulus (stiffness) of the tissue. In its simplest form, *v*~L~ is given by Eq. [(1)](#eq0005){ref-type="disp-formula"}:$$\upsilon_{L} = \sqrt{\frac{C_{11}}{\rho}} = \sqrt{\frac{E}{\rho}\,\left( \frac{1 - v}{(1 + v)(1 - 2v)} \right)}$$where *ρ* is the mass density (kg m^−3^), and *C*~11~ (*P*~a~) is the appropriate component of the stiffness tensor which can be expressed as a function of Young\'s modulus (*E*) and Poisson\'s ratio (*ν*) ([@bib0215]).

Whilst ultra-high frequency ultrasound methods have previously been used to map wave speed within cardiovascular tissues ([@bib0225; @bib0240; @bib0335; @bib0395]), to our knowledge, all previous SAM investigations have been conducted on chemically fixed specimens. Given the profound effects of chemical fixation on the mechanical properties of tissues ([@bib0145; @bib0415]), we have mapped and quantified changes in wave speed, within unfixed aortic cryo-sections excised from young and old sheep. Although technical considerations require quantitative SAM imaging to be carried out at the edge of tissue sections, by imaging the intima and adjacent inner medial layer, we were able to quantify wave speed changes in the region of the internal elastic lamina and across multiple MLUs.

Hydrated 5 μm cryosections adhered to glass cover-slips of known density were imaged by SAM (SAM 2000 \[PVA Tepla Analytical Instruments GmbH, Germany\]) using the V(f) method ([@bib0195; @bib0020]). Seven images were captured at a scan size of 200 × 200 μm and 10 MHz incremental frequencies from 960--1020 MHz ([@bib0020]). Initially, mean longitudinal acoustic wave speed was estimated (within probability limits of 1400--2000 m s^−1^ ([@bib0085]) for seven young and seven old sheep using Soft Tissue Analysis (STAN) software (Aarhus University Hospital, Denmark) averaged across 20 lines (150--170 μm in length) originating from the intimal surface. Probability limits for the *V*(*f*) Simplex algorithm employed by the STAN software were set using reference data at 1400--2000 m s^−1^ ([@bib0085]). Subsequently, the relative contribution of both elastic lamellae and inter-lamellar regions within the MLU to the wave speed frequency distribution was determined for four young and four old animals.

2.4. Histological analysis of ECM composition {#sec0030}
---------------------------------------------

Aortic fibrillar collagen and elastic fibre content were assessed by semi-quantitative histological methods. Collagen content was characterised by polarized light microscopy of picrosirius red stained sections and elastin content by brightfield microscopy of sections stained with Millers elastic stain as previously described ([@bib0130; @bib0245]). In this same study, we demonstrated that both semi-quantitative histological and quantitative HPLC-based approaches are capable of identifying similar changes in collagen content in the remodelling ventricular wall. Briefly, paraffin wax-embedded aortic rings (*n* = 9 for both young and old sheep) were sectioned to 5 μm thickness. Montages of picrosirius red and Millers stained sections were obtained across the vessel wall from the intimal to adventitial layers at four equally spaced points around the circular tissue cross-section. Mean fibrillar collagen and elastic fibre contents are expressed as a percentage of the tissue section area.

2.5. Data analysis and statistics {#sec0035}
---------------------------------

Results are expressed as mean ± standard deviation error and sample numbers are noted in the methods and figure legends. In some cases non-parametric data sets were transformed using the log~10~ transform to better conform to normality of distribution. Statistical significance was evaluated using Student\'s *t*-test, Mann--Whitney *U*-test or ANOVA, with *p* \< 0.05 considered significant.

3. Results {#sec0040}
==========

3.1. The effective stiffness of sheep aorta increases with age {#sec0045}
--------------------------------------------------------------

In order to establish if ageing sheep \[in common with humans and rats ([@bib0250; @bib0290])\], suffer from arteriosclerosis, we measured applied load after incremental extension for aortic rings excised from young and old animals ([Fig. 1](#fig0005){ref-type="fig"}A). The engineering stress--strain curves plotted from these measurements show that at each given strain, stress was higher in old compared with young sheep aortas ([Fig. 1](#fig0005){ref-type="fig"}B, ANOVA, *p* \< 0.0001). Furthermore, there was no observable difference in the engineering stress--strain curves between fresh and thawed vessels ([Supplemental Fig. 1](#sec0075){ref-type="sec"}) and no significant difference (Student\'s *t*-test, *p* = 0.548) in mean wall diameter between young (2.4 mm ± 0.3 mm) and old (2.2 mm ± 0.1 mm) vessels.

3.2. Increases in acoustic wave speed are predominantly localised to the regions between elastic lamellae {#sec0050}
---------------------------------------------------------------------------------------------------------

In order to determine whether these age-related gross mechanical changes were also evident at micrometre length scales we imaged sheep aorta cryosections by SAM ([Fig. 2](#fig0010){ref-type="fig"}A). Mean wave speed, and hence tissue stiffness, was found to increase significantly (by approximately 9 m s^−1^) between young and old animals ([Fig. 2](#fig0010){ref-type="fig"}B, Mann--Whitney *U*-test, *p* \< 0.001). Previously, lower frequency (and hence lower resolution) SAM has been employed to identify disease-related changes in atherosclerotic (as opposed to arteriosclerotic) arteries and infarcted myocardium ([@bib0340; @bib0335; @bib0395]). However, such global measurements of acoustic properties fail to exploit the resolving power of ultra-high frequency SAM and hence cannot distinguish between the mechanical contributions of discrete tissue components or the effects of localized stiffening events in ageing tissues. In contrast, at the GHz frequencies employed in this study prominent elastic lamellae-like structures were clearly discernible ([Fig. 2](#fig0010){ref-type="fig"}A). By following SAM with sequential fluorescence and polarized light microscopy (of unstained and picrosirius red stained sections respectively) we were able to confirm that: (i) these discrete structures were rich in auto-fluorescent elastin and therefore were elastic lamellae and (ii) that fibrillar collagen was localised to the inter-lamellar regions ([Fig. 2](#fig0010){ref-type="fig"}C).

By combining ultra-high frequency SAM with conventional optical microscopy it was possible to determine the micromechanical contribution of discrete tissue regions to age-related arteriosclerosis ([Fig. 3](#fig0015){ref-type="fig"}A). Using this approach, striking differences in acoustic wave speed frequency distribution were evident within the lamellar and inter-lamellar regions of sheep aorta ([Fig. 3](#fig0015){ref-type="fig"}B). In contrast with elastic lamellae, where a single peak of ∼1700 m s^−1^ dominated the wave speed frequency distribution, the inter-lamellar region was characterised by an irregular profile, which could be interpreted as a convolution of multiple wave speed distributions centred at 1500--1600, ∼1700 and \>1800 m s^−1^. By resolving the distinct wave speed contributions of the lamellar and inter-lamellar regions in young and old sheep, it became clear that the increase in tissue wave speed of 9 m s^−1^, which was evident in old animals ([Fig. 2](#fig0010){ref-type="fig"}B), was due to a localized increase in wave speed (and hence stiffness) of 24 m s^−1^ within the collagen fibril and VSMC-rich inter-lamellar regions (Mann--Whitney *U*-test, *p* \< 0.001) ([Fig. 3](#fig0015){ref-type="fig"}C--E). Within these inter-lamellar regions there was an age-related reduction in the contribution of wave speeds between 1500 and 1600 m s^−1^ and an increased contribution of wave speeds between 1700 and 1800 m s^−1^ ([Fig. 3](#fig0015){ref-type="fig"}E).

3.3. Age-related extracellular matrix remodelling is localised within the aortic wall {#sec0055}
-------------------------------------------------------------------------------------

Aberrant remodelling of the ECM is likely to play a key role in mediating age-related arteriosclerosis. Therefore, we used histological approaches to quantify aortic elastic fibre and collagen fibril content in young and old sheep aorta. Regardless of age, Millers staining revealed numerous elastic lamellae whose packing density varied with distance from the intimal surface ([Fig. 4](#fig0020){ref-type="fig"}A(i and ii)). Elastic fibre content (per tissue section area) was also invariant across the entire wall thickness in young and old animals ([Fig. 4](#fig0020){ref-type="fig"}B(i), old: 50 ± 3%, young: 47 ± 4%). In contrast, fibrillar collagen content increased with age ([4A(iii and iv)](#fig0020){ref-type="fig"}), young: 29 ± 2%, old: 42 ± 4.0%, Student\'s *t*-test, *p* \< 0.05). Consequently, there was an age-dependent increase in the collagen to elastic fibre ratio ([Fig. 4](#fig0020){ref-type="fig"}B(ii), 0.64 ± 0.06 vs 0.84 ± 0.06, Student\'s *t*-test, *p* \< 0.05) across the whole vessel wall.

The structure and composition of the arterial wall however, varies not only with age ([@bib0100]), but also, between species ([@bib0385]) and with tissue location. As a consequence of this heterogeneity, assessments of global ECM composition ([@bib0055; @bib0065; @bib0290]) are unlikely to identify localized changes in collagen or elastic fibre abundance ([@bib0290; @bib0345; @bib0390]). Therefore, we additionally characterised ECM remodelling within the intimal and inner medial layer of the vessel wall ([Fig. 5](#fig0025){ref-type="fig"}A(i--iv)); within this region, ageing was associated with an increase in both collagen (young: 31% ± 2%, old: 39% ± 3%, Student\'s *t*-test, *p* \< 0.01) and elastic fibre composition (young: 55% ± 3%, old: 69% ± 4%, Student\'s *t*-test *p* \< 0.001) ([Fig. 5](#fig0025){ref-type="fig"}B). As a result, the collagen to elastic fibre ratio, which was significantly increased across the whole vessel wall, remained unchanged in the inner region of the medial layer in ageing sheep aorta.

4. Discussion {#sec0060}
=============

Whilst generalized stiffening of the vasculature is a key contributor to cardiovascular disease in older individuals ([@bib0355]) and hence plays a central role in determining lifespan ([@bib0320]), the causative mechanisms remain poorly defined ([@bib0410]). Here, we use ultra-high frequency SAM to demonstrate that gross mechanical stiffening of the aorta in ageing sheep is localized to the collagen fibril-rich interlamellar regions of the medial layer.

Ageing arteries are characterised by arteriosclerosis and ECM remodelling in both humans ([@bib0260; @bib0345]) and rats ([@bib0055; @bib0290]) and whilst human and ovine cardiovascular functions are physiologically similar ([@bib0075]), to our knowledge, there are no data on the prevalence of arteriosclerosis in ageing sheep. From our engineering stress vs engineering (Cauchy) strain curves ([Fig. 1](#fig0005){ref-type="fig"}) it is evident that a greater stress was required to produce a given strain in old compared with young sheep aorta. At a physiological strain of 30%, we report stresses of 0.34 kPa and 0.48 kPa in the young and old sheep respectively. Although beyond the scope of our study, more accurate stress--strain curves could be determined with a sophisticated uniaxial testing rig ([@bib0370]) or a biaxial testing setup that is more representative of physiological stresses ([@bib0070]).

One approach to measuring the relative mechanical contribution of individual tissue components to age-related aortic stiffening is to selectively extract all other constituents before characterising the mechanical properties of the remaining material ([@bib0225]). Alternatively, individual components, such as VSMC, can be isolated from ageing tissues ([@bib0310]) prior to mechanical testing *in vitro*. However, the use of highly reactive chemical extraction regimes and *in vitro* culture conditions has the potential to profoundly disrupt complex macromolecular structures ([@bib0360]) and to influence cellular phenotype ([@bib0090]), thereby irreversibly altering the mechanical properties of interest. Hence, it is preferable to measure the mechanical properties of native tissue components *in situ*. Previous studies have employed SAM operated at frequencies of 100--200 MHz to relate acoustic attenuation to pathological changes in formalin fixed infarcted myocardium ([@bib0340]). Here, we have used tissue cryo-sections and whilst there is no consensus as to the effects of freezing on the mechanical properties of blood vessels, [@bib0380] recently demonstrated that compared with refrigeration, freezing does not significantly affect the mechanical properties of porcine aorta. Therefore it appears that, in general, the mechanical properties of ECM-rich tissues such as tendon ([@bib0105]) and aorta ([@bib0380] and this study) are relatively insensitive to freezing. By using SAM at frequencies around 1 GHz, we demonstrate that acoustic wave speeds within chemically untreated tissues, are positively correlated with age-related increases in gross mechanical stiffness. Furthermore, at these frequencies we can resolve the fundamental structural element of the aorta, the MLU.

Each MLU is composed of elastin-rich lamellae and an interlamellar region which predominantly contains VSMCs and collagen fibrils ([@bib0280]) ([Fig. 1](#fig0005){ref-type="fig"}). In both young and old sheep the wave speed frequency distribution measured in the elastic lamellae was dominated by a central peak at ∼1650 m s^−1^ which, in the absence of an established literature value, we suggest corresponds to the wave speed of unfixed elastin. Crucially, there was no difference in mean wave speed between young and old animals within this tissue compartment. Therefore, whilst the elastic fibre remodelling that occurs with age ([@bib0290]) may play other roles in the pathogenesis of arteriosclerosis, our data suggest that the stiffness of elastic lamellae remains unperturbed by the ageing process. In contrast, not only was the acoustic wave speed distribution of the inter-lamellar region more complex (reflecting the disparate composition of this tissue compartment) but we also observed a significant age-related increase in wave speed (and hence tissue stiffness) in this region. Typically, the acoustic wave speed profile in young animals was characterised by three peaks corresponding to: VSMCs (\<1600 m s^−1^ ([@bib0190])), fibrillar collagen (literature values range from 1700 m s^−1^ ([@bib0120]) to 2100 m s^−1^ ([@bib0220])) and, as already discussed, elastin (1650 m s^−1^). With age however, there was a marked loss of lower wave speeds \<1600 m s^−1^ and a concomitant gain of wave speeds \>1700 m s^−1^, which may result from: (i) VSMC migration or cytoskeletal stiffening ([@bib0135; @bib0310]) or (ii) collagen fibrosis (([@bib0135; @bib0345; @bib0405; @bib0420]) and [Figs. 4 and 5](#fig0020 fig0025){ref-type="fig"}, this study), cross-linking ([@bib0275]) or subtype modulation ([@bib0305]).

The histological observations reported in [Figs. 4 and 5](#fig0020 fig0025){ref-type="fig"}, support the hypothesis that collagen fibrosis, which occurs throughout the vessel wall, plays a key role in mediating local and hence global tissue-wide arteriosclerosis in ageing mammals ([@bib0135; @bib0345; @bib0405; @bib0425]). The potential consequences of these age-related compositional changes are profound. Fibrillar collagen in mammalian tendon, for example, is three orders of magnitude stiffer ([@bib0115]) than highly compliant elastin which has an estimated Young\'s modulus of ∼1 MPa ([@bib0005]). As a result, even small changes in collagen concentration may have a major influence on tissue stiffness. Within the cardiovascular system, there is mounting evidence for the involvement of aberrant TGF-β signalling as a potent mediator of collagen fibrosis ([@bib0125; @bib0325]) and for the role of elastic fibre remodelling ([@bib0030; @bib0065; @bib0290]) ([Fig. 5](#fig0025){ref-type="fig"}, this study) in disrupting TGF-β sequestration ([@bib0265]). Therefore, a causative pathway may link: elastic fibre remodelling, the release of fibrillin microfibril-bound TGF-β and the induction of VSMC-mediated interlamellar collagen fibrosis which in turn stiffens the vessel at micro- to macro-scopic length scales. As a consequence, treatment with TGF-β antagonists ([@bib0140]), may hold the key to preventing not only age-related arteriosclerosis but also stiffening within the heart ([@bib0150])

In conclusion, the present investigation, by combining structural characterisation of the ageing sheep aorta with quantitation of macro- and micro-mechanical stiffness, demonstrates that: (i) both tissue stiffness and acoustic wave speed increase in old compared with young tissue, (ii) this increase in acoustic wave speed (and hence stiffness) is localised to the collagen fibril- and VSMC-rich regions of the medial layer and not to the elastic lamellae and (iii) whilst collagen fibrosis may be a driver of age-related arteriosclerosis in sheep, ECM remodelling (of collagen and elastin) is spatially regulated in the ageing vessel wall. Micro-mechanical methodologies such as SAM therefore, may be employed to localise age-related changes in stiffness and hence to directly link structural and functional changes *in situ*. In the case of the ageing aorta, the application of these methodologies suggests that age-related arteriosclerosis (as distinct from atherosclerosis) may be due to fibrillar collagen remodelling rather than elastic fibre calcification, glycation or fragmentation.

Appendix A. Supplementary data {#sec0075}
==============================

Supplemental Fig. IComparison of gross mechanical properties of fresh and frozen intact aortic rings. In this study, aortic tissue from the same group of animals was used in the assessment of gross tissue mechanics, tissue wave speed (micro-mechanical tissue properties) and collagen and elastin content. This experimental approach necessitated the freezing of aortic rings for storage prior to testing. Therefore, to determine whether the freezing process had an effect on tissue stiffness, we measured applied load at incremental tissue extensions. Mean engineering stress--strain curves derived for freshly prepared (grey) and frozen/thawed aortic rings following extensions of 1 mm increments were not significantly different (ANOVA) (*n* = 4--5 animals/group).
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Supplementary data associated with this article can be found, in the online version, at [doi:10.1016/j.mad.2011.07.003](10.1016/j.mad.2011.07.003).

![Gross mechanical testing of intact aortic rings. (A) Example force vs time plot from a single young and a single old aortic ring. The tissue was elongated through 1 mm increments at 20 min intervals and the maximum force recorded following each incremental step. (B) Mean engineering stress--strain curves in young and old aorta following extension by 1 mm increments. Curves fitted to data derived from young and old animals were significantly different (ANOVA, *p* \< 0.0001) (*n* = 5--6 animals/group).](gr1){#fig0005}

![SAM imaging of ovine aorta: tissue wave speed measurements and identification of structural features. (A) SAM image (1 GHz) of an unstained and unfixed aorta cryosection. Elastic lamellae-like tissue sub-structures were clearly evident in high-frequency SAM images (arrows). (B) Mean tissue wave speed was significantly increased in old compared with young animals across the full length of 20 line scans (*n* = 7 animals per group). (C) The inset region in (A) viewed by: fluorescence microscopy (i) and bright field microscopy following picrosirius red staining (ii). The lamellar structures which are evident in SAM images (A, arrows) correlate with the location of elastin autofluorescence (C(i), arrows) but not with the location of fibrillar collagen (C(ii), arrows). Scale bars = 20 μm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)](gr2){#fig0010}

![Comparison of lamellar and inter-lamellar wave speeds in young and old sheep. (A) Extracted region from a SAM image of an aorta cryo-section. Tissue wave speed was determined at pixel intervals across lines subdivided into lamellar (L) and inter-lamellar (IL) regions. (B) Differential wave speed frequency distribution within the lamellar and inter-lamellar regions of a single young sheep. (C) Whilst mean inter-lamellar wave speed was significantly increased in old compared with young sheep (Mann--Whitney *U*-test, \*\*\**p* \< 0.001) there was no significant age-related difference in wave speed within the elastic lamellae. (D and E) Wave speed frequency distributions of lamellar (D) and inter-lamellar (E) regions from young (black line) and old (red line) sheep aorta (*n* = 4 animals per group). Age related differences in wave speed frequency distribution are indicated by brackets. Scale bar = 20 μm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)](gr3){#fig0015}

![Collagen and elastic fibre distribution across the whole aortic wall. (A) Optical microscopy images of full thickness aortic wall. (i and ii) Young (i) and old (ii) sheep aorta stained with Millers elastic stain (which pigments elastic fibres \[and hence elastic lamellae\] blue/black and smooth muscle cells yellow). The density of lamellar packing decreases with distance from the intimal surface. (iii and iv) Young (iii) and old (iv) sheep aorta stained with picrosirius red and imaged under polarized light microscopy. Under these conditions fibrillar collagen is exclusively visualized as red, green or yellow regions. (B) Mean elastin and collagen contents (i) and collagen:elastic fibre ratios (ii) in young sheep (YS) and old sheep (OS) aortas, determined from four optical microscopy montages per animal as illustrated in panel (A), *n* = 9 animals/group, \**p* \< 0.05. Scale bar = 400 μm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)](gr4){#fig0020}

![Age-related ECM remodelling in the inner vessel wall. (A) Millers (i and ii) and picrosirius red (iii and iv) stained aortic wall sections (200 μm from the intimal surface) excised from young (YS) and old (OS) sheep. (B) Mean elastin and collagen contents (i) and collagen:elastic fibre ratios (ii) within the intimal/inner medial region of young sheep (YS) and old sheep (OS) aortas, *n* = 9 animals/group, \*\**p* \< 0.01 and \*\*\**p* \< 0.001.](gr5){#fig0025}
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